Revealing the Electrophilicity of N-Ac Indoles with FeCl 3 : a mechanistic study
Influence of the nature of the 3-substituent on the reactivity and regioselectivity
I.4 Hydroarylation with d8-toluene
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I.5 X-ray crystallography and electron density topology
X-ray Data Collection. The crystallographic data of N-Ac skatole and its iron complex were collected at 100.0(1) K on a Kappa CCD APEX II diffractometer using graphite monochromated MoK X-radiation (= 0.71073 Å). The data spots were recorded as scans ( = 1.0°) in order to reconstruct accurate three dimensional diffracted intensity peak profiles. 12927 (N-Ac skatole) and 30319 (iron complex) unique reflections were collected up to a resolution of sinmax = H/2 = 1.2 Å -1 , where H is the Bragg vector modulus. An empirical absorption correction was applied using SADABS 1 computer program for the two data sets. SORTAV 2 program was used for sorting and averaging data revealing the excellent quality of the measurements (internal Rint = 0.0379
(N-Ac skatole 1a) and 0.0486 (iron complex 6a) with average data redundancy equal to 6.6 (N-Ac skatole 1a) and 4.5 (iron complex 6a)). Details of the X-ray diffraction experiment conditions and the crystallographic data for the two compounds are given below.
Data Collection and Refinement Details.
N-Ac skatole 1a
Iron complex 6a ) of the radial functions are chosen equal to 3.176, 4.466, 3.839, 4.259, 7.450 , for C (nl = 2, 2, 3 up to octupoles (l = 3)), O (nl = 2, 2, 3 up to octupoles (l = 3)), N (nl = 2, 2, 3 up to octupoles (l = 3)), Cl (nl = 4, 4, 6 up to octupoles (l = 3)) and Fe (nl = 4, 4, 4 up to hexadecapoles (l = 4)) atoms, respectively;l= 2.00 bohr -1 and n1 = 1 (dipole level, l = 1) for the hydrogen atoms. MOPRO program 8 was used for the electron density refinements against all the structure factors F with no statistical standard deviations based cut-off (I > 0). Indeed, this program combines both conventional and conjugated gradient least-square procedures and requires all observed diffraction intensities. To obtain accurate atomic positions and atomic displacement parameters (ADP's) for non-H atoms, a high-order refinement was carried out using data with sinmax Å -1 ; corresponding parameters for hydrogen atoms were refined against all data. In the first cycles of the refinements, chemical constraints on the multipole parameters were imposed for equivalent atoms of the two compounds.
Electron Density Topology, Atomic Charges and Experimental Electrostatic Potential. Topological features of
the total electron density rwere revealed using the AIM (Atoms In Molecules) theory of Bader. 9 This analysis allows a quantitative description of the bonds and the electronic structure of atoms in molecules through the gradient and the Laplacian   of the total electron density. The gradient of the electron density (rCP) vanishes at the critical points (CP) corresponding to the extrema and saddle points of r). Each CP is therefore characterized by two numbers: the number of the eigenvalues (for non-degenerating cases) and the signature of the eigenvalues triplet (12, 3). The ellipticity defined by  = (1/2 -1) is an index of the type of the chemical bonds ( or ). Atomic charges were obtained after the multipole refinement of the electron density. These charges correspond to the integration of the total electron density over the atomic basins defined in the theory of Bader. 14 The electrostatic potential is based on the Hansen-Coppens electron density model. 11, 13 This important property exhibits the nucleophilic (negative potential) and electrophilic (positive potential) regions of the molecule and is a good indicator of the chemical reactivity. Topological features of the electron density, atomic charges and experimental electrostatic potential were obtained using VMOPRO program.
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Crystal Structures. The same atomic labels were used for the N-Ac skatole and its iron complex. The main geometrical features of the two compounds are listed below. The bond distances for the two iron-linked S9 molecules are very comparable. When we compare the N-Ac skatole molecule 1a and its iron complex 6a, the main differences are found for C9=O8, C9-N1, C2=C3, C2-N1 bonds. The C9=O8 double bond distances of the carbonyl groups of the iron complex 6a (1.2435 and 1.2437 Å) are longer than the corresponding one in N-Ac skatole 1a (1.2203 Å). In contrast, the C9-N1 bond distance is shorter for the complex 6a (1.3534 or 1.3551 Å) than those in the free molecule 1a (1.3857 Å). It is diagnostic of the more important delocalization of the nitrogen lone pair in the C9=O8 carbonyl for the iron complex 6a compared to N-Ac skatole 1a. In addition, the C2=C3 double bond distances are slightly shorter for the complex 6a (1.3498 and 1.3517 Å) than the one in the isolated molecule 1a (1.3572 Å), while the C2-N1 bond distance are slightly longer for the complex 6a (1.4154 and 1.4163) than the one in 1a (1.4077 Å). It indicates that in the case of the iron complex 6a, the nitrogen lone pair is indeed less delocalized in the N1-C2=C3 enamide system in comparison to N-Ac skatole 1a. In the iron complex, we can notice that the Fe-O bond distance (2.09 Å in average) is short compared to the Fe-Cl one (2.21 Å in average).
Also, the O-Fe-O and Cl-Fe-Cl bond angle values reveal a slight distortion of the metal coordination polyhedron (bottom).
Selected bond lengths (Å) and angles (°). The particular features are indicated in bold.
Standard deviations are given in parentheses.
N-Ac skatole 1a
Iron complex 6a Static Electron Densities and Topological Features. Below are displayed the static electron deformation densities of the two compounds. The atomic bond covalent character of the organic part of the two compounds is clearly shown. As expected, the electron concentration in the C2=C3 double and the C=O bonds is slightly higher than for the other C-C, C-H and C-N bonds. Furthermore, for the two compounds the electron density oxygen lone pairs are clearly depicted. In the iron complex, these lone pairs are polarized toward the metal atom for both O8
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and O82 as shown. The chlorine electron density is also polarized toward the Fe ion which displays electron concentration lobes in the direction of the oxygen atoms and electron depletion ones toward the chlorine atoms.
Static electron deformation density for the N-Ac skatole 1a (top) and the iron complex 6a (bottom).
Contours are  0.05 eÅ -3 , negative contours are in red.
As described in the previous section, the total electron density was analyzed using the AIM theory. 14 
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Atomic Charges. The integrated atomic charges for the two compounds are listed below. The highest negative charges are carried by respectively N1 (-0.99 e in N-Ac skatole increasing to -1.05 e in the iron complex), O8 (-1.14 e in N-Ac skatole which decreases to -1.27 e in the iron complex), and chlorine atoms (-0.6 e in average).
The highest positive charge is found obviously for iron ion (+0.94 e). No particular features were observed for the other atoms in the organic parts of the two compounds. It is worthy to note, however, that C2 and C3 which are involved in the strong double bond are close to be neutral.
Atomic charges (in e) of 1a and 6a.
N-Ac skatole 1a
Iron complex 6a C9 ). This implies that the two molecules should not be equivalent in the chemical reactivity or in the hydroarylation reaction.
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Electrostatic potential maps for N-Ac skatole 1a (left column) and for the iron complex 6a (right column). Maps in the bottom part correspond to the electrostatic potential in the perpendicular plane to the C2-C3 and C22-C32 bonds. 
I.6 DFT study
Computations details: All the calculations were performed using the GAUSSIAN 09 software package. 10 The structures were optimized and characterized to be energy minima or transition states at the unrestricted B3PW91, B3LYP, 11 BP86, 12 M06, and M06-2X 13 levels. A spin of 6 was used for compounds with one iron atom, and of 11 for compounds with two iron atoms. The effective-core potential of Hay and Wadt with a double-ξ valence basis set (LANL2DZ) was used to describe Fe. 14 The other atoms were described by the 6-31G(d,p) basis set. Thermal corrections to Gibbs free energies were carried out at 298.15 K under 1 atm using the harmonic frequencies.
Solvation energy in CH2Cl2 was obtained using the PCM model. Natural charges were obtained using the NBO 3.1 program implemented in Gaussian 09.
Reaction pathways:
We considered the activation of 1 (R = (CH2)3Ph) towards hydroarylation by either one or two FeCl3 molecules coordinated to the oxygen atom (n = 1 or 2, m = 0). Relaxed scans were performed showing that bringing C3 and C closer together until 1.5 Å resulted in a continuous rise of the energy of the system.
Consistently, no transition state could be found. The same was true after coordination of the C2=C3 bond by FeCl3
(m = 1), with or without complexation of the oxygen atom.
Unfavorable pathways studied by DFT computations: no activation or activation of the C2=C3 bond by FeCl3.
We then reasoned that the use of an excess or FeCl3 might give rise to protons if traces of water were present. The Gibbs free energies were obtained using the various functionals for the iron complexes. In the absence of solvent correction, with one FeCl3, the Gibbs free energies of activation greatly vary (G298 5.3-10.1 kcal/mol for TSA1B1) but all barriers are accessible under the experimental conditions used. The formation of the Wheland intermediates B1 is endergonic (G298 3.3 to 12.4 kcal/mol). With solvent correction, the activation energies are significantly reduced (Gsolv 2.8 to 6.4 kcal/mol for TSA1B1) and the Wheland intermediates B1 greatly stabilized so that the reaction becomes exergonic (Gsolv -8.3 to -11.2 kcal/mol). The electron depletion along the C2=C3 bond promoted by the coordination of a second FeCl3 molecule to O reduces markedly all Gibbs free of activation, with or without solvent correction. At the B3PW91 and BP86 levels, the transition states are more stable than the starting compounds, which is a computational artefact. At the M06 level, TSA2B2 did not converge.
The geometries of the computed M06-2X iron complexes are displayed below. The effect of the double coordination of the oxygen atom materializes in the forming C3-C bond which is longer in TSA2B2 than in TSA1B1 (2.22 vs 2.12 Å), hence the lower activation energy. In the same vein, it should be mentioned that the natural charge at C3 significantly increases from one to two FeCl3 in the starting compounds, from 0.275 to 0.293. S17 
M06-2X Geometries of the iron complexes (selected distances in Å)
II.2 Preparation of N-Ac indoles
Most of the N-Ac indoles were described in previous reports from us: (1a, 1d-e, 1l-o, 1r, 1t) 15 and (1b-c, 1k, 1q).
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1f, 1j, 1p, 1s were synthesized using the following protocols.
General Procedure A
Phosphorus oxychloride (1.2 equivalents) was added dropwise to DMF (0.3 mL/mmol indole) with ice-bath. The mixture was stirred for 5 minutes then added dropwise to a solution of indole (1 equivalent) in DMF (0.3 mL/mmol indole) at 0 °C. The mixture was then to warm to room temperature and stirred for 30 minutes. The reaction became a heavy suspension that required vigorous stirring. 5.0 M aqueous potassium hydroxide was added until pH > 9 and the mixture was heated at 100 °C for 2 hours. The resulting suspension was cooled down to 0 °C, the precipitate was filtered off, washed with water then dried under vacuum overnight and used in the next step without further purification.
General procedure B
To a suspension of LiAlH4 (2.5 equivalents) in THF (10 mL/mmol of indole) at 0 °C under argon atmosphere was added 3-formylindole (1 equivalent) over spatula. The suspension was then stirred at 70 °C for 4 hours. The reaction was cooled down to 0 °C, distillated water (100 L/mmol of 3-formylindole) was added dropwise followed by 10% aqueous solution of NaOH (100 L/mmol of 3-formylindole) and again H2O (300 L/mmol of 3-formylindole). The resulting slurry was stirred vigorously for 30 minutes, diluted with Et2O and anhydrous MgSO4 was added. The white precipitate was filtered on Celite then washed with Et2O. The solvent was removed under vacuum and the product was used in the next step without further purification. 
General procedure C
To a stirred solution of trichloroacetic acid (1.5 equivalents) in toluene (0.5 mL/mmol of indole) was added Et3SiH
(3 equivalents) and the resulting mixture was heated at 70 °C for 30 minutes. A solution of indole (1 equivalent) and 3-pentanone (1.1 equivalents) in toluene (0.5 mL/mmol of indole) was added and the reaction was heated at 70 °C for 3 hours. The resulting mixture was cooled down to 0 °C then quenched with sat. aq. Na2CO3 solution.
The organic layer was diluted with EtOAc, separated and the aqueous layer was extracted twice with EtOAc.
Combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated.
General procedure D
To a solution of a 3-substituted indole (1 equivalent) in dry dichloromethane (8 mL/mmol of indole) were successively added tetrabutylammonium hydrogen sulfate (0.1 equivalent) and freshly finely powdered sodium hydroxide (5 equivalents). The resulting solution was stirred for 15 minutes and acetyl chloride (3 equivalents) was added dropwise over 15 minutes. The resulting slurry was vigorously stirred for 2 hours and quenched by addition of water. The organic layer was separated and the aqueous layer was extracted twice with dichloromethane. Combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated.
Flash column chromatography purification using eluent as stated below led to 1-Acetyl-3-substituted indole.
1-Acetyl-3-cyclohexylindole (1f)
1f was prepared from indole (800 mg, 6.83 mmol) and cyclohexanone following General Procedure C then acetylated following General Procedure D. Flash column chromatography purification (Cyclohexane/EtOAc : 95/5) led to 1f as a green solid (950 mg, 3.93 mmol, 58% over 2 steps).
Data for 1f
Rf : 0.28 (Cyclohexane/EtOAc: 9/1); 
1-Acetyl-3-methyl-6-bromoindole (1s)
Procedure D using 5 equivalents of AcCl and 8.0 equivalents of NaOH. Flash column chromatography purification (Cyclohexane/EtOAc: 9/1) led to 1s as an orange solid (227.4 mg, 0.902 mmol, 20% over 2 steps).
Data for 1s
Rf: 0. 
II.3 Promotor loading and kinetic studies
Promotor loading: The yields of SI I.1 were obtained using general procedure E from 1a, 2a (2 equivalents) in 0.5M CH2Cl2 for 2.5 hours with various amounts of FeCl3.
General Procedure E
To a solution of the 3-substituted N-acetyl indole derivative 1 in CH2Cl2, was successively added electron-rich arene 2 and FeCl3 in one portion. After completion of the reaction (checked by TLC) the reaction was quenched with a saturated NaCl aqueous solution and diluted with EtOAc. The phases were separated. The aqueous phase was then extracted twice with EtOAc. The combined organic phases were then dried over Na2SO4, filtered and concentrated under vacuum. The crude oil was then purified by flash column chromatography.
Kinetic study: The influence of the concentration of each component of the reaction on the reaction kinetic of SI I.2 were obtained as follow.
Typical procedure: To a solution of N-Ac skatole 1a in 10 mL of CH2Cl2, was successively added anisole 2b, pmethyl-N-Ms aniline (0.5 mmol) as internal standard and FeCl3 in one portion. Aliquot of L were taken by syringe at regular times and filtered immediately through a short pad of silica gel with EtOAc. After evaporation, each aliquot were injected in HPLC (silica column, eluent: hexane/ EtOH: 98/2, 1 mL/min).
Representative chromatogram
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The calibration curve between 3b and p-methyl-N-Ms aniline allowed us to calculate the concentration of 3b.
Calibration curve
Rate constants were calculated for each reaction using the initial rates method.
Representative initial rates data
The plot between the initial rate constant versus the concentration of FeCl3 was then drawn. 
II.4 In-situ IR monitoring
Reaction setup: React IR 15 with MCT Detector using HappGenzel apodization was used to collect IR reaction spectra. The instrument was fitted with a DiComp (Diamond) probe connected via AgX 6mm x 1.5m silver halide fiber. All data were collected at 8 cm -1 resolution from 2500 to 650 cm -1
. 125 scans were collected to obtain 1 spectrum. An air background was collected prior to the experiments and Mettler Toledo iCIR version 4.3 was used for instrument control and data analysis. Baseline offset correction was applied.
IR monitoring of the reaction between N-Ac skatole and FeCl3 in CH2Cl2 (0.2 M):
Procedure:
Under nitrogen atmosphere, CH2Cl2 (2.0 mL) was introduced intro a three-necked round-flask equipped with the 
II.5 Hammett study at the C5-and C6-positions
The Hammett study was conducted through competitive experiments involving two N-Ac skatoles derivatives 1 as follows:
Typical procedure
To a solution of 5-or 6-substituted N-Ac indole derivatives 1 -A (0.173 mmol) and 1 -B (0.173 mmol) in CH2Cl2
(1.7 mL), was successively added anisole 2b (0.693 mmol) and FeCl3 (0.832 mmol) in one portion. The reaction was stirred until it reaches a 10-20% conversion. The reaction was quenched with a saturated NaCl aqueous solution and was then diluted with EtOAc. The phases were separated. The aqueous phase was then extracted twice with EtOAc. The combined organic phases were then dried over Na2SO4, filtered and concentrated under vacuum.
The mixture of 3 -C and 3 -D were then separated from 1 -A and 1 -B by flash column chromatography.
The ratio of the two hydroarylated compounds 3 -C and 3 -D was determined by relative integration by 1 H NMR in order to obtain the kX/kH ratio. kH = rate constant of the reaction with anisole and N-Ac skatole 1a (X = H). kX = rate constant of the reaction with anisole and a 5 or 6 substituted N-Ac skatole 1 (X ≠ H). The integration ratio of 3 (X ≠ H) / 3a (X = H) was equal to kX/kH and log(kX/kH) was then determined.ammett p values were obtained from Taft and co-workers. 153.5, 143.6, 132.7, 130.4, 130.3, 128.9, 127.9, 125.8, 125.7, 123.6, 116.8, 110.4, 62.2, 56.0, 55.3, 44.4, 29.8, 29.3, 26.7, 26.6, 26.5, 23.8, 20.7 ; IR (NaCl), ν (cm -1 ): 2925, 2851, 1663, 1597, 1499, 1479, 1461, 1396, 1246, 1112, 1031, 756 
Product ratio obtained from competing experiments
N-Acetyl-2-(2-methoxy-5-methylphenyl)-3-(pentan-3-yl)indoline (8ab)
8ab was prepared from 1-Acetyl-3-(pentan-3-yl)indole 1j (80 mg, 0.348 mmol) following General Procedure E using 4-methylanisole 2a as electron-rich arene (94 mg, 0.767 mmol) and FeCl3 (135 mg, 0.837 mmol) in 0.5 mL of CH2Cl2. Flash column chromatography purification (Cyclohexane/EtOAc: 9/1 to 8/2) led to 8ab as colorless oil (44 mg, 0.125 mmol, 36%).
The trans stereochemistry was assigned based on the small coupling constant between the protons at the 2 and 3 positions of the N-Ac indoline. 169.5, 153.4, 144.1, 133.1, 130.9, 130.5, 128.9, 127.9, 125.9, 125.2, 123.9, 116.9, 110.3, 61.8, 55.3, 52.1, 48.4, 23.9, 23.0, 22.3, 20.8, 12.4, 12. 2; IR (NaCl), ν (cm -1 ): 2960, 2931, 2873, 1664, 1596, 1499, 1479, 1460, 1395, 1246, 1031, 754 2, 158.0, 143.5, 137.6, 134.7, 128.0, 127.6 (2C), 126.0, 123.2, 117.0, 114.0 (2C), 61.9, 55.3, 55.1, 47.1, 28.1, 27.9, 26.8, 26.8, 26.4, 24.5 ; IR (NaCl), ν (cm -1 ): 3039, 3001, 2930, 2852, 1662, 1609, 1595, 1512, 1482, 1401, 1251, 757 168. 3, 155.5, 143.9, 135.5, 132.9, 130.9, 128.5, 127.9,127.8, 126.0, 125.3, 125.1,124.9, 123.9, 123.8,121.1, 116.8, 116.7, 114.4, 110.2, 66.0, 61.7, 55.2, 55.0, 53.3, 51.8, 48.2, 47.9, 29.7, 24.1, 23.7, 23.3, 22.7, 22.1, 21.9, 12. 
S32
II.7 Taft study at C3 position
The goal is to determine the Taft equation which take into account the steric and electronic factors of the substituent at the C3-position of the indole nucleus.
log(kR/kMe) =  and Es kR = rate constant of the reaction with anisole and 3-substituted N-Ac indole 1 (R ≠ Me). kMe = rate constant of the reaction with anisole and N-Ac skatole 1a (R = Me).
 and Es are respectively the Taft's polar and steric substituent parameters.
and are respectively the polar and steric constants
The Taft study was undertaken through competitive experiments involving two 3-substituted N-Ac indoles derivatives 1 as follows:
Typical procedure
To a solution of 3-substituted N-Ac indole derivatives 1 -A (0.173 mmol) and 1 -B (0.173 mmol) in CH2Cl2 (1.7 mL), was successively added anisole 2b (0.693 mmol) and FeCl3 (0.832 mmol) in one portion. The reaction was stirred until it reaches a 10-20% conversion. The reaction was quenched with a saturated NaCl aqueous solution and was then diluted with EtOAc. The phases were separated. The aqueous phase was then extracted twice with EtOAc. The combined organic phases were then dried over Na2SO4, filtered and concentrated under vacuum. The mixture of 3 -C and 3 -D were then separated from 1 -A and 1 -B by flash column chromatography.
The ratio of the two hydroarylated compounds 3 -C and 3 -D was determined by relative integration by 1 H NMR in order to obtain the kR/kMe ratio. kMe = rate constant of the reaction with anisole and N-Ac skatole 1a (R = Me). kR = rate constant of the reaction with anisole and 3-substituted N-Ac indole 1 (R ≠ Me). 
Product ratio obtained from competing experiments
IV. NMR spectra of new compounds
